Polymer coatings exhibiting photodynamic bacterial inactivation properties have been successfully engineered. Such coatings were obtained by photoinduced crosslinking of a PEG-diacrylate monomer associated with the eosin Y dye which was used as both a radical photoinitiator and an antibacterial agent. A dual curing process was followed by combining compatible and solvent-free polymerization mechanisms, i.e. Aza-Michael reaction and free-radical polymerization in the presence of amines.
Introduction
Nosocomial infections are mainly due to the adhesion and the proliferation of bacteria on medical devices and are responsible for more than one hundred thousand deaths per year in the United States, strongly impacting the costs of the global health care. 1, 2 This raises the urgency of finding solutions to eradicate these problems, with a specific emphasis on the engineering of biomedical surfaces. [3] [4] [5] The use of a wide diversity of antibiotics appeared to be the treatment of choice for preventing bacterial infection since the discovery of penicillin by Fleming in 1928. However, the unnecessary and frequent use of antibiotics has led to an increase of healthcare problems associated with the increase of multi-drug-resistant bacterial strains. Indeed, a large number of antibiotics fail to prevent infections and cannot inhibit biofilm-associated bacterial formation. This biofilm acts as a defense wall, preventing the antibiotics to reach the bacterial structure, thus favouring their proliferation. It was estimated that 95 000 invasive methicillin-resistant Staphylococcus aureus infections occurred in the United States and were responsible for more than 18 000 deaths in 2005. [6] [7] [8] In addition to this, clinical studies 9 have demonstrated the emergence of new S. aureus strains resistant to vancomycin which is currently considered as one of the most efficient glycopeptide antibiotics. In summary, alternative approaches need to emerge for efficiently treating biofilm related infections. Antibacterial strategies are traditionally classified into two groups, depending on the interactions between the material and the targeted pathogens: 10, 11 the antifouling route that aims at preventing bacterial attachment on a surface [12] [13] [14] and the antimicrobial strategy that promotes the killing of bacteria. [15] [16] [17] [18] [19] [20] [21] Amongst the latter methods, the use of coatings producing reactive oxygen species upon light activation in the presence of a photosensitizer, 22 termed antimicrobial photodynamic therapy (aPDT), [23] [24] [25] [26] [27] is particularly promising. A great advantage of aPDT is to avoid the need to engineer delivery systems, as opposed to many antibiotics and inorganic antimicrobial agents. Moreover, as most biological systems are highly sensitive to reactive oxygen species, such surfaces can allow the reduction of the transmission of multi-resistant species such as bacteria, viruses, parasites and yeasts. 26, 28, 29 Because biological systems are inherently complex, coatings with different functionalities may be necessary, to fully prevent bacterial proliferation. For instance, aPDT requires light activation, which is no longer possible after implantation. To address this issue, coatings combining complementary antibacterial mechanisms have been recently developed. 30 The immobilization of the photosensitizers into polymer coatings opens the way for continuously ''self-disinfecting'' the surfaces in order to prevent infections. Many of the current investigations focus on the introduction of photosensitizers (PSs) by mixing solutions of PS in solvent with a polymer solution according to a solvent casting method. For example, methylene blue and rose Bengal dyes dissolved in chloroform have been embedded in polystyrene after air evaporation of the solvent to yield 15-140 mm polystyrene films. 31 The same procedure has been used to develop novel light activated antimicrobial coatings from the evaporation of acetone solutions of Toluidine blue O and Rose Bengal incorporated in cellulose acetate. 32, 33 A second interesting approach 34 consisted of linking hydroxyl groups of polyol-derived porphyrins and isocyanate to polyurethane (PU) via a thermal polymerization. The resulting formulation has been sprayed via an air brush system onto polymethylmethacrylate substrates to form a 30 mm PU-coating thickness. A third method described by Chen et al. has highlighted the use of PEG-coated gold nanoparticles (NPs) to deliver porphyrin-derived photosensitizer in a controlled manner. 35 This opens the way for distributing a wide range of hydrophobic antibiotics. However, the non-covalent coupling reaction between PEG, gold colloids and the porphyrin-derived photosensitizers has to be performed under an argon atmosphere in the dark, in a complex and time-consuming multistep process.
In this context, we hypothesized that a single photoactive molecule could be used both to initiate polymerization and to confer antibacterial properties to the coating. We report here the synthesis of antibacterial coatings derived from PEG-diacrylate monomers under visible light illumination using eosin Y, which is used both as a H-abstraction photoinitiator 36 and a photosensitizer generating ROS for aPDT, 37 combining solvent-free polymerization mechanisms, i.e. Aza-Michael reaction 38, 39 and free-radical polymerization in the presence of amines as co-initiators under mild conditions. The kinetics of the film formation reaction were studied using in situ Fourier transform infrared (FTIR) spectroscopy, evidencing a two-step process. The optical, thermal and mechanical properties of the coatings were investigated, enlightening the key role of the amines in the structure of the polymer network. The antibacterial properties of the coatings against Escherichia coli and Staphylococcus aureus were evaluated on the short and long terms, with or without light irradiation, demonstrating that eosin Y can combine aPDT properties inside the film and antimicrobial properties upon release. A detrimental effect of the added amines on the antibacterial properties of the coatings was also observed and discussed. The here-demonstrated ability of the same molecule to play complementary roles at different time scales -i.e. during material preparation and on the short and long terms after contacting with bacteria -offers an original, easily implemented procedure occurring rapidly (less than ten minutes), in the absence of solvent, that should be highly inspiring for the future design of multi-functional antibacterial materials.
Experimental

Materials
All chemicals and reagents are used as received. Polyethylene glycol (PEG-diacrylate, M w = 400 g mol À1 , SR344) was used as the diacrylate reactive monomer and was kindly provided by Sartomer. Eosin Y (EO, 99%), Rose Bengal (RB, 95%), 1,3-diphenylisobenzofuran (DBF, 97%), diethylenetriamine (DETA, 99%, M w = 103 g mol À1 ) and branched polyethylenimine-ethylene ) were purchased from Sigma Aldrich and 1-hydroxy-cyclohexyl-phenyl-ketone (Irgacure@184 (I184)) was provided by BASF. The chemical structures of the main compounds used in this study are displayed in Table 1 .
Sample preparation
The amine-acrylate polymer consisting of a PEG-diacrylate mixture and a multifunctional amine (LP or DETA) were chosen to develop new antibacterial films. LP and DETA were selected to highlight the effect of the degree of branching of the amine on the antibacterial efficiency of the films. These films contain PEG-diacrylate, 7 wt% of amine (LP or DETA) and 0.1 wt% of eosin Y. After the first thermal stage of the reaction (Aza-Michael process), each formulation is laid down on a mould and irradiated for 1 min. The thickness of the synthesized films is evaluated at 1 mm.
Two reference films containing PEG-diacrylate monomers without amine were also synthesized to evaluate (i) the use of eosin Y and (ii) the influence of amino groups to inhibit the development of bacteria on the surface of the films under light activation. The first formulation contains PEG-diacrylate, 0.5 wt% of eosin Y and 3.5 wt% of a type I photoinitiator (I 184) called PIEO and the second reference film only contains PEG-diacrylate and 3.5 wt% of a type I photoinitiator (I 184) called PEG-REF. These films are irradiated using the same procedure described previously. For more clarity, Table 2 summarizes the nature of the different films which have been synthesized in this work.
Steady-state photolysis experiments
UV-vis spectra were recorded on a Varian spectrophotometer (Cary50 Bio) in the range of 250 nm to 800 nm.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out with a Mettler TGA/SDTA 851 instrument. Samples, obtained by dual curing with an approximate mass of 10 mg, were degraded between 20 and 700 1C at a heating rate of 10 1C min À1 in air.
Dynamic-mechanical thermal analysis (DMTA)
Mechanical analyses were performed on a Triton Technology TTDMA in the tensile configuration. Samples of about 50 mm thickness, 2 cm length and 0.5 cm width were prepared. All the experiments were conducted with a temperature ramp of 3 1C min À1 , applying a force with a frequency of 1 Hz and a displacement of 20 mm. The storage modulus, E, and the loss factor, tan d, were measured from À100 1C up to a temperature at which the rubbery state was attained. The T g value was assumed as the maximum of the loss factor curve (tan d).
Nanoindentation and scratch tests
All experiments were made with a commercial Nanoindenter (Agilent Technologies G200) equipped with a Berkovich tip on steel substrate coatings. Twenty-five nanoindentation tests were performed using the Continuous Stiffness Measurement method (CSM). The loading stage was conducted at a constant stain rate (0.05 s À1 ) until an indentation depth of 3 mm was reached. The load was then maintained constant for 60 s such that the viscous response has enough time to achieve. Twenty parallel scratch tests distant from 500 mm were performed at a scratch length of 500 mm. The tests were done face forward with a load that increases linearly from 0.1 to 100 mN.
Fluorescence microscopy
An inverted microscope IX73 from Olympus equipped with a 75 W Xe Lamp housing was used. The excitation and emission light was filtered with a fluorescence mirror unit (U-FUN from Olympus) including a band pass filter centered at 365 nm (BP360-370), a dichroic mirror (DM410) and a long pass filter (BA420IF).
Real-time reaction monitoring using Fourier transform infrared (FTIR) spectroscopy
During the first step of the Aza-Michael reaction, a Jasco FTIR spectrometer was used to monitor the evolution of the acrylate function during the isothermal dual curing at 35 1C of the formulations. Real-time spectra were recorded in the absorbance mode with a resolution of 4 cm À1 and a wavelength ranging from 400 to 4000 cm À1 , averaging 10 scans for each spectrum. The spectra were normalized using the area of the carbonyl ester band at 1720 cm À1 . The band at 1407 cm
À1
(band of the CH 2 scissor deformation mode) was used for monitoring of acrylate groups. 40 In the second stage of the reaction, kinetics of photopolymerization were followed by real time Fourier transform infrared (RT-FTIR) spectroscopy using a JASCO series 4000 instrument. The liquid samples were applied to BaF2 chips by means of a calibrated wire-wound applicator. The thickness of the UV-curable film was evaluated at 100 mm. The RT-FTIR analyses were carried out under air conditions. Samples were irradiated at room temperature, by means of a Lightningcure LC8-02 lamp from Hamamatsu, equipped with a Hg-xenon lamp (200 W) coupled with a flexible light guide. The end of this guide was placed at a distance of 6 cm. The maximum UV light intensity at the sample position was evaluated to be 100 mW cm À2 . The photopolymerization was monitored by the disappearance of the acrylate function of the diacrylate monomer at 1407 cm À1 . The conversion rate was calculated using the followed equation (eqn (1)): 
where A 0 represents the area at t = 0 s, and A t represents the area at any time t.
Redox potentials
The oxidation potentials of DETA and LP (E ox ) were measured by cyclic voltammetry in N 2 -degassed acetonitrile with a constant concentration (0.1 M) of n-Bu 4 BF 4 . A detailed description of the setup can be found in ref. 41 . The free energy change DG et for an electron transfer between the studied compounds and the amines can be calculated for the classical Rehm-Weller equation 42 (eqn (2)), where E ox , E red , ET, and C are the oxidation potential of the studied compounds, the reduction potential of iodine, the excited (or triplet) state energy of the studied compounds, and the electrostatic interaction energy for the initially formed ion pair, generally considered as negligible in polar solvents:
Antibacterial properties of the films
Initial adhesion assays were performed using two strains of bacteria, namely E. coli ATCC25922 and S. aureus ATCC6538 on the eosin derivative-coatings. Prior to in vitro antibacterial tests, the bacterial strains were grown aerobically overnight in Luria-Bertani broth at 37 1C under stirring. Overnight cultures of E. coli and S. aureus grown in Luria-Bertani broth were diluted to an optical density (OD@600 nm) of 0.05 in sterile LB broth. At this point, the coated stainless-steel substrates (1.5 cm Â 1.5 cm) were immersed in the culture; the corresponding vials were placed on a slantwise rotating wheel to avoid the sedimentation of bacteria, incubated for 6 h and shaken at 150 rpm to allow for initial adhesion (INFORS AG-CH 4103, Bottmingen-Basel, Switzerland). During the incubation time, some samples were illuminated under 4 Xenon lamps emitting in the visible range from 400 to 650 nm (intensity = 170 mmol m À2 s À1 ). The emission spectrum is given in Fig. S1 (see the ESI †). Following adhesion, the samples were rinsed seven times with sterile saline solution (NaCl, 0.9% w/v) to remove any non-adherent cells. Colonized native and treated samples were then transferred to 2 mL sterile saline (solution A) and vortexed vigorously for 30 s. The samples were then transferred to 2 mL of sterile saline (solution B) and sonicated in a Branson 2200 sonicator for 3 min. Samples were transferred once again to 2 mL of sterile saline (solution C) and vortexed vigorously for 30 s. Suspensions A, B and C were pooled and serially diluted, and the bacterial population was determined using the Plate Count technique as Colony Forming Units (CFU) per mL. Each experiment was done four times. In a second series of tests, the bacteria were incubated for 16 h following the previously-described protocol. At this stage, one third of the samples were withdrawn. The rest of the samples were incubated for an additional 6 h, half being left in the dark while the other half being illuminated under similar conditions as mentioned above. At the end of these experiments, the supernatant solution was recovered and the bacterial population was determined using the Plate Count technique as CFU mL
À1
. In parallel, the films were rinsed three times in PBS and incubated for 10 min in a live/dead assay mixture following the manufacturer's procedure (InVitrogen). Then, the films were rinsed three times in physiological serum for 5 min and mounted between the slide and the coverslip. Live and dead bacteria were observed using a fluorescence microscope Axio 100 (Zeiss). Live bacteria appeared in green after excitation of Syto 9 at 455-495 nm and detection at 505-555 nm. Dead cells appeared in red after excitation of propidium iodide at 533-558 nm and detection at 570-640 nm. Three films were analyzed for each condition.
Results and discussion
In situ monitoring of the reaction
The process leading to the Aza-Michael reaction and the free radical photopolymerization of the amine-acrylate formulations is described in Schemes 1 and 2. In the first step of the Aza-Michael reaction, which proceeds at 35 1C, the amino groups of LP or DETA partially react with the acrylate functions (Scheme 1). In the second part of the process (Scheme 2), a photoinitiated free radical polymerization between the nonreacted acrylate groups occurs and results in a crosslinked material. The introduction of amino groups in the materials allows us to perform free-radical polymerization reaction in the second stage in air (Scheme 2): indeed, in the radical polymerization, the presence of O 2 inhibits the polymerization [43] [44] [45] [46] i.e. radicals R which are generated during the initiation reaction are scavenged by oxygen to yield peroxyl radicals ROO inactive towards the addition to acrylate double bonds thus limiting its use for practical applications. Eosin Y is a H-abstraction photoinitiator which is generally associated with a co-initiator to produce radicals. Upon excitation, eosin Y is able to abstract a hydrogen atom from the co-initiator 43 which acts as radical initiating species for photopolymerization.
Scheme 1 Aza-Michael reaction between PEG-diacrylate and DETA at 35 1C.
Tertiary amines 43 are typically used as co-initiators. In this case, the reaction first involves an electron transfer from the amine to the triplet state of eosin (eqn (3)) followed by a proton transfer within an ion-pair formed between the amine radical cation and the eosin radical anion (eqn (4)). Therefore, when eosin and amines are combined together (eqn (3)), a dye-sensitized reaction occurs via an H-abstraction mechanism under light activation, thus generating amino alkyl radicals and eosin radical-anions (eqn (4)) that can initiate polymerization. The photoinduced electron transfer between eosin (acceptor) in its triplet state and amines (donor) is thermodynamically allowed according to the classical Rehm-Weller equation 42 (eqn (1) ). Moreover, amino groups are considered as oxygen scavengers (eqn (5)) and the resulting peroxyl radicals may abstract hydrogen atoms from neighboring amino groups to follow the polymerization (eqn (6)). Fig. 1 shows the time dependency of the relative intensity of the acrylate FTIR bands during the Aza-Michael curing reaction. The following observations can be made: (i) the main reaction takes place during the first 20 minutes, (ii) a plateau is reached between 12 and 17 minutes and (iii) the polymerization kinetics of the DETA-derived formulations are faster and a higher degree of acrylate conversion is achieved than those containing branched polyethylenimine ethylene diamine (LP).
During the Aza-Michael reaction and especially when LP is used, the conversion is not complete (see Fig. 1, PELP) : only 37% of the acrylate functions have reacted with amino groups. On the other hand, 28% of the acrylate function remains unreacted with the use of DETA (PEDET). This behavior can be associated with the steric hindrance of the polymer backbone which decreases both the reactivity of the secondary amines and the diffusion of the growing polymer chains. Wu et al. 48 demonstrated, in a Aza-Michael addition polymerization with diacrylates, the higher reactivity of the primary amines in comparison with the secondary amines when the latter ones are sterically hindered. It can therefore be concluded that the difference between the reactivity of the LP and the DETA-derived materials is due to both the nature of the amine and to the accessibility of N-H bonds. Fig. 2 shows the kinetics of polymerization of the different formulations containing PEG-diacrylate during the second stage of the reaction. It is interesting to notice that the initiation stage of the amine-containing formulations in combination with eosin (PEDET and PELP) is slower than REF-PEG but the conversion of the acrylate functions reaches 100% after only 100 s of irradiation. Despite the fact that polymerization is carried out in air, amino groups play a major role as oxygen scavengers (eqn (5)) and new amino alkyl radicals are generated (eqn (6)), thus leading to a complete polymerization of PEG-diacrylate monomers. In the Scheme 2 Mechanism of polymerization with the photoinitiating system eosin/amine derivatives. REF-PEG and PIEO systems that contain a type I photoinitiator (I184), 90% and 100% of the acrylate functions reacted after 100 s and 10 s of illumination, respectively. However, PEG-diacrylate is an H-donor monomer and during the initiation step, a PEG-sensitized reaction may occur via an H-abstraction mechanism, involving the PEG monomer and radicals (which are produced from the photolysis of I184) or eosin. Radicals could be generated on the PEG macromolecular chains from this H-abstraction mechanism leading to side-reactions and consumption of acrylate functions.
Optical properties of the films
After 100 s of irradiation of the eosin-derived formulations or the REF-PEG system, different films have been synthesized. No fluorescence of the REF-PEG film has been observed. It has also been demonstrated that unreacted eosin dyes are preserved inside the films as indicated by their corresponding absorption and fluorescence spectra (Fig. 3) . Therefore the presence of eosin suggests that its excitation could be used to promote singlet oxygen photogeneration with subsequent antibacterial effects.
Thermal and mechanical properties of the films In contrast, for formulations containing amines (PELP and PEDET) in which the Aza-Michael reaction has occurred, a decrease of the T g is observed and more loosely crosslinked materials are obtained. As a consequence, the stiffness of the films E decreases in the following order E(REF-PEG) 4 E(PIEO) 4 E(PELP) 4 E(PEDET). Overall, the PEG-REF and PIEO films appear more rigid than the PELP and PEDET ones. The thermal stability of the different networks has been studied using thermal gravimetric analysis (TGA) under an air atmosphere (see Fig. S3 in the ESI †). Both polyacrylates and PELP films are more thermally stable than the PEDET one, the temperature at 50% weight loss being equal at 402 1C, 401 1C and 394 1C for REF-PEG, PIEO and PELP samples, respectively, and 368 1C for PEDET films. The degradation at low temperature (368 1C) for PEDET films is linked to poly(amino ester) degradation. Indeed, in the case of PEDET films, 74% of the acrylate bonds have reacted according to the Aza-Michael reaction in the first step, leading to the formation of a poly(amino ester) structure which is less stable than a poly(acrylate) network. 49, 50 The higher degradation temperature of the REF-PEG, PIEO and PELP networks therefore reflects their higher content in poly(acrylate) chains. The loading and unloading stages of the nanoindentation experiments lead to superimposed curves for all coatings 
Effect of light irradiation on bacterial colonization of the films
The ability of the eosin-derived films PIEO to inhibit bacterial surface colonization by Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria with and without light activation was first assessed on a short term scale, using PEG-diacrylate (REF-PEG) films as the reference (Fig. 6A) . Initially, 3 Â 10 6 CFU mL À1 of each type of bacteria was introduced in solution and brought into contact with the films. After 6 h of incubation, the films were rinsed, and the remaining biofilm population was detached and resuspended for cell counting. 51, 52 For E. coli, in the absence of illumination, more bacteria were found on the PIEO surface compared to REF-PEG. However, when the samples were illuminated for 6 h, the reverse effect was observed due to a strong reduction of bacterial density on PIEO. These results are in good agreement with the well-known ability of PEG chains to prevent bacterial adhesion and also support the hypothesis that eosin has some antibacterial photoactivity. 53 Indeed, if a large amount of singlet oxygen is created near the outer membrane of the bacteria, it will ultimately lead to its death. 54 These results concerning the elaboration of singlet oxygen will be discussed in the next section and will confirm the antibacterial properties of our coatings. However, for S. aureus, the two films showed a similar behavior in the absence of illumination, with a noticeably lower bacterial density on PIEO compared to E. coli. Upon illumination, the bacterial density only decreased significantly for PIEO. Altogether, these data would suggest that S. aureus has a lower affinity for the PIEO surface than E. coli and is therefore less impacted by its photoactivity. Fig. 6B shows the influence of the amines on the bacterial population found on the surface of PEDET and PELP films after 6 h under light activation. A first observation is that bacterial density was lower on PEDET films compared to PELP but higher than on REF-PEG, whatever the light conditions and the considered bacterial strain. Moreover, light illumination only slightly decreases the bacterial population after 6 h for both films and both strains. This suggests that the presence of amines favors bacterial adhesion and decreases the photodynamic inactivation properties of the films.
Previous works have suggested that the elimination of hydrogen bond donor groups by acetylation of amino groups strongly decreases the resistance of the film surfaces to the adsorption of bacteria. 55, 56 The acetylation of hyperbranched amines turned hydrogen bond donor groups into hydrogen bond acceptor groups, thus resulting in a surface with lower affinity for proteins compared to non-acetylated surfaces, limiting bacterial proliferation and biofilm formation. One possible explanation for the weaker effect of light irradiation is the deactivation by amino groups of the singlet oxygen which is generated under light illumination inside eosin-derived films. Indeed, the singlet oxygen can be quenched by DETA or LP inside the films, thus reducing the concentration of singlet oxygen at the surface of PELP and PEDET. To clarify this point, the quantum yield for singlet oxygen generation (F D ) upon excitation of eosin (EO) has been evaluated in ethanol based on a photooxidation method using diphenylbenzofuran (DBF) as an The same experiment was performed in the presence of a large excess of amines, DETA or LP respectively. The absorbance of DBF at 412 nm was recorded at different irradiation times as displayed in Fig. 8 . One clearly observes that the presence of DETA or LP induces a 2.5-and 9-fold decrease of the photooxidation rate of DBF, respectively. It should also be emphasized that LP induces a much significant inhibiting effect even if it has been added at a concentration 10 times lower than DETA. In both cases, the presence of amines as electron donor reactants opens up new additional competing reaction pathways: (i) dynamic quenching of both eosin singlet and triplet excited states, (ii) H-transfer reaction between the amines and the eosin triplet state which produces a-amino alkyl radicals, (iii) redox reaction between highly reducing a-amino alkyl radicals and photogenerated singlet oxygen and redox reaction between the amines and the photogenerated singlet oxygen.
Role of eosin in the antibacterial properties of the film
Previous experiments have demonstrated the efficiency of eosin to act as a photodynamic bacterial inactivation during the colonization process. In a step further, we wished to explore the performance of PIEO films, in particular their ability to exert an antibacterial effect after colonization has occurred. With this purpose, bacteria were first brought in contact with REF-PEG and PIEO films in the absence of light for 16 h. At this stage, the cell population in the bacterial suspension was measured using CFU plate counting and the bacterial density was determined using a dead/live kit. It is worth noting that because of the overlap in the fluorescence spectra of eosin and propidium iodide, the precise determination of the number of dead bacterial cells was difficult. Keeping this limitation in mind, we never did observe a significant number of dead bacteria on the surface of the coatings, whatever the conditions. As shown in Fig. 9 , E. coli and S. aureus bacteria were still visible on the REF-PEG film, with a higher density of the former compared to the latter, but the number of cells per observation field was in both cases very low. As a comparison, none of the two strains could be detected on PIEO surfaces. In parallel, the S. aureus population in the suspension was decreased by one log with REF-PEG and completely disappeared with PIEO. On the other hand, both REF-PEG and PIEO had a similar and small (i.e. one log decrease) effect on the E. coli suspension. Noticeably, we also observed that the PIEO supernatants turned highly coloured, suggesting that some eosin had leached out of these films over the time of the experiments. Additional experiments were performed where the films were left in contact with the bacteria without light for 16 h, as described above, and then kept for an additional 6 h without or with illumination. At this stage, there was still no evidence of bacterial presence on the PIEO surface whereas small variations in cell number were found for REF-PEG with or without illumination depending on the bacterial strain ( Fig. 9A and B) . Turning to the film supernatant, illumination had a strongly negative effect on the S. aureus suspension in the presence of PIEO, but not in the presence of REF-PEG (Fig. 9C) . In contrast, light had a negligible impact on E. coli populations in the presence of both films.
To explain these observations, the extent of bacterial colonization of the films arises from two possible processes: (i) the chemical/physical interactions between the bacteria and the surface and (ii) the toxicity of eosin either in the film or in solution, since leaching can occur. Hence, a low cell density on the film can indicate either a repulsive surface or a bactericidal effect, or both. As pointed out earlier, the REF-PEG surface has demonstrated a very strong ability to avoid bacterial adhesion. Our observation that, without light, E. coli bacteria are present after 6 h on PIEO but not after 16 h and 22 h is in favor of the prevalence of a bactericidal effect confined to the film surface when eosin is present, since the population of bacteria in the suspension does not vary significantly over the same period. For S. aureus, we noticed initially a lower cell density, comparable to REF-PEG. This can indicate a lower affinity of this bacteria to the PIEO surface, a higher sensitivity to its eosin-induced bactericidal effect or both. We observed the dramatic decrease of S. aureus population in the PIEO supernatant after 16 h, which strengthens our hypothesis to the higher sensitivity of S. aureus to eosin compared to that of E. coli, without light. Our results are in agreement with Miller's investigation 58 based on a survey screening of 30 different bacterial strains (including E. coli and S. aureus) against 42 different dyes at various concentrations, demonstrating the possible inhibition growth of Gram-positive bacteria over time by eosin Y without light illumination. This is also in good agreement with the fact that eosin is known to inhibit the growth of Gram-positive bacteria, such as S. aureus, while allowing for the staining of living Gram-negative bacteria, such as E. coli. 59 Thus, the difference between the inhibition growth of S. aureus in comparison with E. coli is likely due to an accumulation of eosin at the film surface during its release, leading to high local doses which becomes toxic for both types of bacteria. Noticeably, the reason behind the difference of action of eosin towards Gram-positive and Gram-negative bacteria under light illumination is that only Gram-positive bacteria (S. aureus) are affected by an oxygen singlet process. Indeed, the lipopolysaccharide (LPS) coatings of the cell wall of the Gram-negative bacteria offer protection from the cytotoxic effects of the ROS agent. 60, 61 LPS in Gram-negative bacteria not only plays a role as a structural barrier to penetration but can also form a trap for singlet oxygen which is known to oxidize unsaturated fatty acids and proteins. 54, 62 Since S. aureus strains fail to produce a large proportion of LPS, they remain much more sensitive than E. coli to ROS penetration. 54 As a result, singlet oxygen probably diffuses more readily through the open structure of the peptidoglycan layer of the S. aureus cell membrane to react with its vital target. In summary, the ability of PIEO to release eosin (i) prevents bacterial colonization of the film surface in the absence of illumination and (ii) allows for S. aureus bacterial killing in the surrounding medium with irradiation. As a result, starting from an initial 10 10 CFU mL À1 bacterial population, PIEO coatings prevent biofilm formation and reduce cell population surrounding the films by more than 2 logs without light and 4 logs after irradiation (see arrows in Fig. 9C ), signifying a highly efficient antimicrobial activity.
Conclusions
This study demonstrates for the first time that eosin can be used both as a photoinitiator for the polymerization of PEG-acrylate networks and as an antibacterial agent against E. coli and S. aureus. The photodynamic bacterial inactivation properties of these coatings limited bacterial colonization up to 6 h under visible light while their eosin-releasing ability extended their antibacterial surface properties for 16 h in the dark. After this period, they also showed a photo-induced bactericidal activity against the surrounding S. aureus cells. The presence of amines enabled the elaboration of eosin-containing PEG-acrylate films without an additional photoinitiator, but their antibacterial properties were lower due to both better cell adhesion and intrinsic ability to deactivate singlet oxygen. While the heredescribed new material may advantageously be used as a coating on one-time used medical devices, our demonstration that eosin can act as both an initiator of the polymerization and an antibacterial agent with dual properties should trigger further investigations of the photochemistry of antibiotics in a material design perspective.
